The C. elegans zygote supports both meiosis and mitosis within a common cytoplasm. The meiotic spindle is small and is located anteriorly, whereas the first mitotic spindle fills the zygote. The C. elegans microtubulesevering complex, katanin, is encoded by the mei-1 and mei-2 genes and is solely required for oocyte meiotic spindle formation; ectopic mitotic katanin activity disrupts mitotic spindles. Here we characterize two mutations that rescue the lethality caused by ectopic MEI-1/MEI-2. Both mutations are gain-of-function alleles of tba-2 ␣-tubulin. These tba-2 alleles do not prevent MEI-1/MEI-2 microtubule localization but do interfere with its activity. TBA-1 and TBA-2 are redundant for viability, but when katanin activity is limiting, TBA-2 is preferred over TBA-1 by katanin. This is similar to what we previously reported for the ␤-tubulins. Removing both preferred ␣-and ␤-isoforms results in normal development, suggesting that the katanin isoform preferences are not absolute. We conclude that while the C. elegans embryo expresses redundant ␣-and ␤-tubulin isoforms, they nevertheless have subtle functional specializations. Finally, we identified a dominant tba-2 allele that disrupts both meiotic and mitotic spindle formation independently of MEI-1/ MEI-2 activity. Genetic studies suggest that this tba-2 mutation has a "poisonous" effect on microtubule function.
T HE eukaryotic microtubule cytoskeleton is involved microtubule motor proteins were shown to regulate microtubule dynamics in a variety of systems (McNally in a variety of processes, including cell division, and Vale 1993; Vasquez et al. 1994; Trinczek et al. intracellular transport, cell shape maintenance, and cell 1995; . motility. Despite their diverse cellular functions, microAlmost all organisms have multiple ␣-and ␤-tubulin tubule arrays are always polymers of ␣-and ␤-tubulin isotypes (Ludueña 1998) . Within an organism, each heterodimers. Microtubules are not static structures, cell type normally expresses more than one family memand their dynamic properties vary both temporally and ber, and these are often modified post-translationally spatially to fulfill different functional requirements (Ludueña 1998; Xia et al. 2000) . Conservation of differ- (Mitchison 1989; Zhai et al. 1996) . A critical feature ent isotypes across species suggests natural selection for of microtubule dynamics is its ability to switch between isotype-specific functions (Wilson and Borisy 1997) . growing (polymerizing) and rapidly shrinking (cata- Several in vitro studies have demonstrated that different strophic) states, a property known as dynamic instability tubulin isotypes affect microtubule dynamics and drug (Mitchison and Kirschner 1984) . The dynamic instasensitivity (Panda et al. 1994; Derry et al. 1997 ; Bode bility of microtubules arises partly from the intrinsic et al. 2003) . Previous in vivo studies focused mostly on properties of ␣-and ␤-tubulins; previous structure-functissue-specific isotypes. For example, Drosophila testis tion studies showed that tubulin mutations affect microspecifically expresses a ␤2 isotype that is required for tubule dynamics both in vivo and in vitro (Anders and proper axoneme organization and function (Hoyle Botstein 2001; Dougherty et al. 2001) . Microtubule and Raff 1990) . Likewise, Caenorhabditis elegans mechdynamics are also regulated by the presence of stabilizanosensory neurons express a specific pair of ␣-and ing and destabilizing factors (Davis et al. 1994 ; Desai ␤-tubulins that confer distinctive protofilament organiand Mitchison 1997). For example, microtubule-assozation and microtubule function (Savage et al. 1989; ciated proteins (MAPs) , microtubule destabilizers, and Fukushige et al. 1999) . The C. elegans embryo expresses pairs of closely related ␣-and ␤-tubulins that are largely redundant for and shifted to higher temperatures as L4 larvae for brood gene tbb-2 disrupt spindle organization and function, analyses. and these mutations likely act by interfering with the The following genes and alleles were used: LG I, function of the ␣-or ␤-gene isotypes of both respective (n566), unc-13(e1092), unc-29(e1072) , mei-1(ct46 gf), mei-2(ct98), tubulins (Wright and Hunter 2003; Ellis et al. 2004; daf-8(e1393), unc-101(m1), tba-2(sb25, sb27, sb51, sb51sb116, and sb51sb117), unc-59(e261) , and the chromosomal deficiency Phillips et al. 2004) . Loss-of-function (lf ) analysis redxDf2 ; LG II, ; LG III, gk129, and gk130),  vealed relatively minor developmental defects associtbb-1(gk207), dpy-17(e164) . Descriptions of these genes are ated with diminishing one isotype of each pair, but found at Wormbase (http:/ /www.wormbase.org). The chromosimultaneous loss of both members of a pair was lethal somal translocation hT2 and chromosome I inversion hInI (Wright and Hunter 2003; Lu et al. 2004 ; Phillips et (Zetka and Rose 1992) were used as balancers. CB4856 was used to provide polymorphisms for single nucleotide polymoral. 2004 ). These results suggest functional redundancy phism (SNP) mapping (Wicks et al. 2001) .
of ␣-and ␤-isotypes, at least at a superficial level. HowBecause most of the tubulin alleles used in this study have ever, we recently demonstrated functional differences either no or minor phenotypes by themselves, strain construcbetween the two embryonic C. elegans ␤-tubulins, TBB-1 tion made use of linked morphological markers. However, and TBB-2: while either is sufficient for wild-type develnearly all morphological markers from the final double or triple mutants were removed from strains to avoid nonspecific opment, TBB-2 interacts preferentially with MEI-1 and background effects. Every strain listed in the tables was DNA MEI-2, the subunits of the worm katanin microtubulesequenced to confirm the continued presence of all intended severing complex (see below) ).
tubulin alleles. Outcrossing of tbb-1 and tbb-2 deletion alleles
The microtubule-severing complex katanin is an exfrom the C. elegans Knockout Consortium was done as preample of a MAP that influences microtubule function viously described .
and dynamics (McNally and Vale 1993). MEI-1 and
Genetic mapping and cloning: mei-1(ct46gf) results in dominant, ts maternal-effect lethality (Mains et al. 1990a) . sb25 and MEI-2, which encode the subunits of C. elegans katanin, sb27 were selected as suppressors of this mutation in the screen are specifically required for female meiotic spindle fordescribed in Clandinin and Mains (1993) . Both sb25 and mation. Meiotic spindles form after fertilization of the sb27 were genetically mapped to the region between unc-101 worm embryo in the same cytoplasm that later supports and unc-59 on LG I: mei-1(ct46) unc-29 sb25 males were crossed embryonic mitosis (Albertson 1984; Kemphues et al. to unc-101 unc-59 . Unc-29 homozygotes were selected from their progeny (unc-29 mei-1(ct46) sb25?/unc-101? unc-59 ?). 1986; Srayko et al. 2000) . Meiotic spindle formation Hatching rates were scored at the semirestrictive temperature requires MEI-1/MEI-2 microtubule-severing activity, but of mei-1(ct46), 20Њ, where sb25/sb25, sb25/ϩ, and ϩ/ϩ can be proper spindle formation during subsequent mitosis redistinguished (57%, 12%, and 1.5% hatching, respectively).
quires postmeiotic degradation of MEI-1/MEI-2 (ClarkAmong those still homozygous for mei-1(ct46), seven segreMaguire and Mains 1994a; Kurz et al. 2002; Furukawa gated unc-101 unc-59 , and all of these were heterozygous for sb25. Nine segregated only unc-59, of which five were heterozyet al. Pintard et al. 2003; Xu et al. 2003) . Ectopic gous and four were homozygous for sb25, which placed sb25 presence of MEI-1/MEI-2-severing activity in mitosis rebetween unc-101 and unc-59. These data were confirmed by sults in small, misoriented spindles (Clark-Maguire three-factor mapping where unc-101 unc-59 recombinants and Mains 1994a; Dow and Mains 1998; were collected from unc-101 sb25 ϩ/ϩ ϩ unc-59 heterozygotes.
2000), resembling those seen after treating embryos
Each recombinant was crossed with mei-1(ct46) unc-29 sb25 males to test for suppressor homozygosity in the outcross progwith the microtubule-destabilizing drug nocodazole eny. Of 18 recombinants, 12 lost sb25 during recombination (Strome and Wood 1983; Hyman and White 1987) . and 6 retained sb25. A three-factor map was generated similarly
In this work, we report two types of mutations in the for sb27 (data not shown).
tba-2 ␣-tubulin gene that affect microtubule dynamics. MEI-1/MEI-2 activity while a third mutation results in males and Unc-101 non-Unc-59 F 2 recombinants were allowed short microtubules independent of MEI-1/MEI-2 functo produce a few progeny before crossing with mei-1(ct46) unction and likely acts as a neomorph that interferes with 29 sb25 males. For each recombinant, hatching rates were both tba-2 and tba-1 function. In addition, as with the scored from 10 outcross progeny to test for sb25 homozygosity two superficially redundant ␤-tubulins described above or heterozygosity. The self-progeny produced by each Unc-101 non-Unc-59 recombinant prior to crossing were then ex- , the two redundant ␣-tubulins interact amined for the presence of various SNP makers within the differentially with MEI-1/MEI-2. Simultaneous loss of region. This gave the map order F08A8:3890 (8) sb25 (7) any combination of one member of each ␣-or ␤-tubulin Y26D4A:7397, where the number of crossovers in each region isotype is viable.
is denoted within parentheses. This corresponds to four overlapping cosmids or 129 kbp on the physical map. This region includes two predicted candidates, pbs-2 (C47B2.2) and tba-2 (C47B2.3). Sequencing of candidate genomic sequences from MATERIALS AND METHODS sb25 and sb27 was performed as described (Srayko et al. 2000) . At least two independent PCR products were sequenced to Nematode strains and culture conditions: C. elegans (var. Bristol) was cultured under standard conditions (Brenner avoid PCR-generated errors; both mutations resulted in changes within tba-2 only. 1974) and brood analysis was done as described by Mains et al. (1990b) . Hatching rates were scored among 500-2500
The dominant ts maternal-effect lethal mutation sb51 was originally isolated as described by Mitenko et al. (1997) . We embryos except when otherwise indicated. For all temperature-sensitive (ts) alleles, hermaphrodites were raised at 15Њ previously reported a 70% embryonic lethality associated with sb51 homozygotes at 15Њ (Mitenko et al. 1997) . However, further examination of the strain (following further outcrossing) revealed that homozygous sb51 adults showed a fully penetrant sterility at all temperatures. sb51 was SNP mapped using its homozygous sterile phenotype. From sb51 unc-59/Hawaiian heterozygotes, sterile Unc-59 adults were scored for SNP markers, placing sb51 between F08A8:3890 and unc-59 (data not shown). This is the same region where sb25 and sb27 mapped, and tba-2 genomic sequence was amplified from sb51 homozygotes and sequenced as described above. Isolation of intragenic revertant of tba-2(sb51): Balanced tba-2(sb51) unc-59/hT2 heterozygotes were mutagenized with ethyl methanesulfonate (Sigma, St. Louis) as described by Brenner (1974) . Two to five mutagenized hermaphrodites were transferred to individual plates and allowed to self at 15Њ. Revertants were isolated by upshifting the F 1 larvae to 25Њ and selecting plates with many viable progeny and fertile Unc-59 adults. Two intragenic revertants, sb116 and sb117, were found among12,500 haploid genomes (the screen was inefficient because crossover suppression by hT2 in the tba-2 unc-59 region is not complete and because so many positive plates contained crossovers rather than the desired revertants). Sequencing of the tba-2 gene in sb116 and sb117 was performed on fertile homozygotes as described above. sb116 was outcrossed three times before further analysis.
Microscopy and immunofluorescence: L4 or younger animals were upshifted to 25Њ overnight before fixation or mounting. Living embryos were dissected from gravid hermaphrodites in 25Њ egg buffer (Edgar and McGhee 1986) and mounted on slides with a 3% agar pad. Nomarski time-lapse recording was performed using a Zeiss Axioplan 2 microscope Kemphues et al. (1986) . Cold-induced microtubule ski images of pronuclear fusion-stage embryos and embryos destabilization was performed before freeze crack as described in their first mitosis. Meiotic spindle poles of mutant embryos by Hannak et al. (2002) . Embryos were expelled from her-(C) are not as well focused as wild type (A), and meiotic failure maphrodites on a polylysine-coated slide by applying gentle often leads to multiple maternal pronuclei (G) as compared pressure on a coverslip. Slides were then placed on an iceto wild type (E). Mutant first mitotic spindles are always aligned water-bathed aluminum block for 0, 5, and 8 min (in both of on the transverse axis (D and H) and have short aster microtutwo separate experiments) before fixation and were stained to bules (D) as compared to wild type (B and F). Bars: 2 m in visualize microtubules and DNA. MEI-1 and MEI-2 antibodies A; 10 m in H. were used as described (Srayko et al. 2000) . ␣-Tubulin localization was determined with the mouse DM 1A ␣-tubulin monoclonal antibody (Sigma) at 1/200 dilution. Secondary antibodies ( Jackson ImmunoResearch, West Grove, PA) used describe a dominant, ts maternal-effect lethal mutation, were FITC-conjugated goat anti-rabbit (1/50) and Texas redsb51, which results in dominant defects in both female conjugated goat anti-mouse (1/100). DNA was visualized with meiosis and subsequent mitoses. sb51 was isolated from 4Ј,6-diamidine-2Ј-phenylindole dihydrochloride as described by Srayko et al. (2000) . Photographs were taken with a Hamaa screen for dominant, ts maternal-effect lethal mutamatsu ORCA-ER digital camera and deconvolved using Zeiss tions and was previously assigned the gene name mel-
45 (Mitenko et al. 1997) . Below, we demonstrate that RNAi: tbb-1 and tbb-2 RNA interference (RNAi) was persb51 corresponds to the gene tba-2, and hereafter we formed as described in Lu et al. (2004) We analyzed embryos from heterozygous hermaphro-RNA was transcribed using the MEGAscript system (Ambion, dites grown at the nonpermissive temperature by NomarAustin, TX), and DNA templates were digested with DNase I. ski time-lapse video recording and tubulin immunoloThe resulting RNAs were purified and annealed for injection as described by A. Fire (ftp.ciwemb.edu/PNF:byName:/Fire calization to visualize spindle morphology. As shown in LabWeb/). Embryos from injected hermaphrodites were dis- Figure 1 , these embryos showed meiotic (7/11) and sected for mounting 24 hr postinjection. zyg-9 RNAi was permitotic (15/15) spindle defects similar to those caused formed using a feeding construct included in the C. elegans by mutations that reduce microtubule stability (Matchromosome I RNAi feeding library (Fraser et al. 2000) . thews et al. 1998; Srayko et al. 2000; Segbert et al. 2003; Wright and Hunter 2003; Ellis et al. 2004) . In RESULTS these embryos, female meiotic spindles are not organized well ( Figure 1C ), often resulting in abnormal po-A dominant mutation disrupts spindle function and interacts with members of the mei-1 pathway: We first lar-body extrusion (6/11) and multiple maternal pronu- of the region, dxDf2, shows 68% hatching at the nonpermissive temperature ( intragenic revertants: in addition to the parental sb51 sb51 dominantly enhanced both mei-1(ct46gf) and mellesion, sb51 sb116 contains a Glu22Lys mutation and 26(ct61) ( Table 1 , lines 1-5). sb51 also strongly enhanced sb51 sb117 has a Glu69Lys change within the tba-2 coda mei-2 hypomorphic mutant, ct98, which in contrast to ing region (Figure 2 ). Both alleles completely reverted the mutants just mentioned, has meiotic rather than sb51 dominant lethality and are homozygous fertile (Tamitotic defects (Table 1 , lines 6-7). These results sugble 2, lines 8-11). sb51 sb116 was healthier (Table 2 , gest that tba-2(sb51) likely interferes with both meioline 9) and was chosen for further analysis. tic and mitotic spindle formation. Because tba-2(sb51) sb51 sb116 behaves similarly to a chromosomal defienhances mutations that either increase or decrease ciency that removes the tba-2 region: both sb51/sb51 MEI-1/MEI-2 activity, it likely does not affect microtusb116 and sb51/dxDf2 showed complete sterility at 25Њ, bule severing per se, but may instead affect an element like sb51 homozygotes (Table 2, lines 12-14) . In addicommon to both meiotic and mitotic spindles.
tion, both sb51 sb116 and dxDf2 showed a slight domisb51 is a tba-2 ␣-tubulin allele: sb51 was genetically nant suppression of sb51: unlike the parental mutation mapped between two cloned markers, unc-101 and uncsb51, which is sterile at all temperatures, both trans-59 (materials and methods). Further SNP mapping heterozygotes were leaky sterile at 15Њ. The embryos (Wicks et al. 2001) identified tba-2 as a likely candidate produced by both show 100% lethality (Table 2 , lines in the region. Sequencing of the tba-2 genomic DNA 13-14). This indicates that the sb51 phenotype depends in the sb51 mutant worms identified a single missense on the dosage of the defective product. Although sb51 mutation resulting in a Ser168Tyr amino acid substitusb116 is genetically similar to dxDf2, the revertant is tion (Figure 2) . Therefore, mel-45(sb51) has been relikely not a genetic null of tba-2 because sb51 sb116/ named tbb-2(sb51).
dxDf2 is more severe than tba-2(RNAi) ( Table 2 , lines 2 Since tba-2(sb51) shows dominant spindle defects, we and 15) and sb51 sb116 homozygotes have lower viability than tba-2(RNAi) animals ( Table 2 , lines 2 and 9), which, reasoned that it is likely not a lf mutation. A deficiency as we argue below, likely represents the null phenotype.
of MEI-1/MEI-2 in both meiosis and mitosis. Neither sb25 nor sb27 affected the ectopic localization of the This suggests, in view of the previous results, that sb51 sb116 may retain some residual sb51 poisonous activity, MEI-1/MEI-2 complex (Figure 3 ), suggesting that they likely interfere with MEI-1/MEI-2 activity rather than which is dosage dependent. sb25 and sb27, two alleles of tba-2, are suppressors of with its ability to localize to microtubules. All of these properties of sb25 and sb27 also resemble tbb-2(sb26) (Lu ectopic MEI-1/MEI-2 expression: In an independent screen, we identified mutations of tba-2 that affect microet al. 2004) , suggesting that they likely function at a similar step of the pathway as does tbb-2(sb26). tubules in a different manner than does sb51. Mutants that show ectopic MEI-1 and MEI-2 expression during Both sb25 and sb27 map to the right arm of LG I between unc-101 and unc-59. Further SNP mapping mitotic cleavages are defective in mitotic spindle formation (Clark-Maguire and Mains 1994a; Srayko et al. (Wicks et al. 2001) indicated that the gene(s) harboring these mutations is on a single cosmid in which the 2000). In a previous screen to identify genes that function in this pathway, we isolated three mutants that ␣-tubulin gene tba-2 resides (materials and methods).
Sequencing tba-2 genomic DNA in sb25 and sb27 murescued the defects caused by ectopic MEI-1/MEI-2 expression (Clandinin and Mains 1993) . One of them, tants revealed, respectively, Glu277Lys and Glu194Lys missense mutations in tba-2 (Figure 2 ). sb26, was found to be a missense allele of the tbb-2 ␤-tubulin gene . The other two, sb25 and Both tba-2 alleles genetically act as dominant inhibitors of MEI-1/MEI-2 activity, suggesting that they were sb27, like sb26, lack visible phenotypes of their own. Both semidominantly suppressed the embryonic lethallikely gf rather than lf alleles of the ␣-tubulin gene. Consistent with this, removing one copy of tba-2 with ity caused by ectopic MEI-1/MEI-2 expression of mei-1 (ct46gf) ( Table 3 , lines 1-7) and mel-26 (data not shown).
the chromosomal deficiency dxDf2 did not suppress but instead slightly enhanced mei-1(ct46gf) ( Table 4 , lines In addition, both sb25 and sb27 enhanced the hypomorphic mutant mei-2(ct98), which results in reduced mei-1-2), indicating that suppression did not result from a loss of gene activity. In addition, sb25 and sb27 hemizyotic MEI-1/MEI-2 activity (Table 3 , lines 8-10) (Mains et al. 1990a; Srayko et al. 2000) . Therefore, both supgotes suppressed mei-1(ct46gf) slightly less than did their homozygotes (Table 4 , lines 3-8). This is again similar pressors behave as if they inhibit the general function It is possible that sb25 and sb27 result in the general stabilization of microtubules. However, we previously reported that tbb-2(sb26) caused microtubules to behave on their own. Therefore, each likely renders only partial as if they are specifically resistant to MEI-1/MEI-2 karesistance. We speculated that the effect of combining tanin activity ). Similar to tbb-2(sb26), neian ␣-tubulin and the ␤-tubulin suppressor mutation ther tba-2(sb25) nor tba-2(sb27) suppressed a zyg-9 ts allele would be additive, perhaps resulting in meiotic defects (Kemphues et al. 1986 ) that gives rise to less stable microsimilar to those of mei-1/mei-2 lf mutants. Indeed, tba-2 tubules (Table 3 , lines 16-18), suggesting that neither (sb27); tbb-2(sb26) double-mutant adults are healthy with tba-2 allele results in generally more stable microtunormal brood size but displayed only 44% hatching at bules. The possibility that the tba-2 alleles generally stabi-25Њ (Table 3 , line 12). As shown in Figure 5 , a tba-2(sb27); lize microtubules was also tested using an in vivo coldtbb-2(sb26) embryo showed normal pronuclear fusion induced microtubule-destabilizing assay (Hannak et al.
and normal first mitotic cleavage. However, abnormally 2002). In this case, we used the double mutant tba-2 large polar bodies often (4/9) formed at the anterior, (sb27); tbb-2(sb26), which has a much stronger effect on indicative of meiotic defects ( Figure 5 , D-F), and such microtubules than either of the single mutants (see embryos would likely die due to the resulting aneubelow). When embryos were placed in a cold environploidy. Among the survivors at 25Њ, there was also a high ment for 5 min, tba-2(sb27); tbb-2(sb26) embryos apincident of male (Him) phenotype (Table 3 , line 12), peared to have similar or fewer numbers of microtubule which is also indicative of meiotic failure leading to bundles as compared to wild-type embryos treated in nondisjunction that gives rise to XO males (Hodgkin parallel (Figure 4) . When tba-2(sb27); tbb-2(sb26) and and Brenner 1977) . The polar body and Him phenowild-type embryos were placed at 0Њ for 8 min or longer, types are typical of mei-1 and mei-2 hypomorphs, which all embryos lacked visible microtubule asters. Therefore, have minor meiotic spindle defects (Mains et al. 1990a) . tba-2(sb25) and tba-2(sb27) likely result in microtubules Indeed, meiotic spindles of tba-2(sb27); tbb-2(sb26) emspecifically resistant to MEI-1/MEI-2 activity without bryos show abnormal morphologies comparable to meicausing obvious effects on general microtubule dynamics.
otic spindles from the mei-2 hypomorphic allele ct98 Microtubules resistant to MEI-1/MEI-2 activity cause ( Figure 6 , A-C). However, the meiotic spindle defects meiotic defects: Microtubules showing complete resisare not as severe as those seen in the mei-1(ct46ct101) tance to MEI-1/MEI-2 activity should result in meiotic null mutant, which has a cloud of microtubules that failure characteristic of mei-1 or mei-2 null alleles, yet does not coalesce into a spindle ( Figure 6D ). Animals the tbb-2 and tba-2 alleles selected as suppressors of ectopic MEI-1/MEI-2 activity have no apparent phenotype doubly mutant for tbb-2(sb26) and the other tba-2 muta- tions, sb25, did not have obvious meiotic defects like Depleting TBA-2 in mei-2(ct98) strongly enhanced its meiotic lethality, while depletion of TBA-1 had only a those seen in tba-2(sb27); tbb-2(sb26) (Table 3, line 13). Nevertheless, they also behaved as if their microtubules small effect (Table 5 , lines 1-5, and Table 6 ). This suggests that the activity of MEI-1/MEI-2 prefers microtuwere more resistant to katanin activity than the single mutants since the mei-1(ct46gf) lethality was almost combules containing the TBA-2 isotype. Therefore, MEI-1/ MEI-2 appears to interact differentially with superficially pletely suppressed, giving rise to 91% hatching at the restrictive temperature (Table 3 , line 14), as compared very similar ␣-tubulin isotypes. It is formally possible that the differential effects that to 15% hatching for mei-1(ct46) tba-2(sb25) and 67% for mei-1(ct46); tbb-2(sb26) ( Table 3 , lines 4 and 15).
we observed above resulted from the unequal efficiency of tba-1 and tbb-2 RNAi. The high sequence similarity TBA-2 and TBA-1 interact differently with MEI-1/ MEI-2: We previously reported that mei-1/mei-2 showed different genetic interactions with null alleles of the two redundant ␤-tubulin isotypes, tbb-1 and tbb-2, suggesting that microtubules containing the TBB-2 isotype are preferred by the MEI-1/MEI-2 microtubule-severing complex . We asked whether the TBA-1 and TBA-2 isotypes are also differentially required for the activity of MEI-1/MEI-2. Wild-type meiotic embryos contain excess MEI-1/MEI-2 activity (Clandinin and Mains 1993) , which can mask subtle functional differences among tubulin isotypes. Therefore, we used the partial lf allele mei-2(ct98) to lower (but not eliminate) meiotic MEI-1/MEI-2 activity and examined the effects of depleting either TBA-1 or TBA-2 by gene-specific RNAi. between these two genes makes generation of isotypetypes likely closely approximated null phenotypes, supspecific antibodies impractical for examining the effects porting our suggestion for the TBA-2 isotype preference of RNAi on gene expression. We reasoned that if the by MEI-1/MEI-2 katanin. different effects seen in the mei-2(ct98) background
The viability of tba-2(RNAi) and tba-2(sb51sb116) indireflect differences of RNAi-mediated depletion of gene cates that the preference of MEI-1/MEI-2 for TBA-2 is expression, then these effects should vary when concennot absolute (otherwise they would mimic the mei-1(null) trations of the double-stranded RNA change. However, phenotype), and so microtubules containing only TBA-1 as shown in Table 6 , the differential effects of tba-1 and must be a usable substrate when MEI-1/MEI-2 is not tba-2 RNAi remained consistent when RNA concentralimiting. This was also true for microtubules containing tions changed over a 10-fold range: the enhancement of only TBB-1, which can serve as a MEI-1/MEI-2 substrate mei-2(ct98) lethality by tba-2(RNAi) was dose dependent, when the preferred ␤-isotype, TBB-2, is eliminated by while little or no effect was seen for tba-1 RNAi even either mutation or RNAi in an otherwise at the highest concentration. The observation that the wild-type background. We next asked if removal of both double RNAi showed almost complete lethality at a preferred isotypes, TBA-2 (by RNAi) and TBB-2 (using lower dose (0.5 mg/ml) indicates that each single RNAi a deletion mutant), resulted in microtubules that are works efficiently at this lower concentration. Therefore, resistant to wild-type levels of MEI-1/MEI-2 activity. when the highest concentration (2.5 mg/ml) was used However, in the absence of both of the two preferred in the RNAi experiments, tba-1 and tba-2 RNAi pheno- 
a Numbers taken from Table 2 . Double-stranded RNAs were Figure 6 .-Meiotic spindle defects of tba-2(sb27); tbb-2(sb26) mutant embryos. Anti-␣-tubulin staining of metaphase or early used at 0.5 mg/ml for tba-1 and tba-2 throughout this table. These concentrations of double-stranded RNA resulted in anaphase meiotic spindles of (A) wild-type, (B) tba-2(sb27); tbb-2(sb26), (C) mei-2(ct98), and (D) mei-1(ct46ct101) embryos complete lethality for the tba-1 and tba-2 double RNAi ( Table  2 ), indicating that each must eliminate a substantial amount are shown to reveal morphological defects of the mutant spindles. Bar, 2 m.
of its respective product. tubulin isotypes, TBB-2 and TBA-2, embryos developed A tba-2 mutation destabilizes microtubules: Tubulin mutations that affect the general dynamic properties of relatively normally, without showing increased lethality relative to the single depletions or any obvious meiotic microtubules are expected to show spindle defects in both meiosis and mitosis. Here we have shown that the spindle defects (Table 5 , lines 2, 6-7). This suggests that the pair is not absolutely required when MEI-1/ tba-2 ␣-tubulin mutation sb51 results in dominant, ts maternal-effect lethality due to defective spindle forma-MEI-2 katanin is not limiting. We also eliminated the preferred tba-2 isotype in the presence of the resistant tion in both meiosis and mitosis. tba-2(sb51) mitotic defects resemble those of embryos treated with microtbb-2(sb26) allele, but again found at best a modest effect (Table 5 , lines 8-10).
tubule-depolymerizing drugs (Strome and Wood 1983; Hyman and White 1987) , suggesting that sb51 inhibits To determine if there is a requirement for one particular type of ␣/␤ heterodimer for viability, we used tbb-1 microtubule assembly and/or stability. Mutations that result in ectopic MEI-1/MEI-2 activity during mitosis also and tbb-2 deletion alleles in combination with tba-1(RNAi) and tba-2(RNAi) to deplete the other pairwise ␣-and result in similar phenotypes, and indeed, such mutations enhanced tba-2(sb51) lethality (Table 2) . However, ␤-tubulin combinations. As shown in Table 5 , we found that removing any combinations of ␣-and ␤-isotypes the tba-2(sb51) mitotic spindle defects do not depend on MEI-1/MEI-2 activity since there is no ectopic MEI-1/ did not decrease hatching rates and resulted in relatively normal development. No obvious meiotic defects were MEI-2 present in mitosis in tba-2(sb51) embryos (data not shown) and sb51 dominant lethality is not affected observed (Table 5, lines 12-14) . Therefore, the presence of one ␣-and one ␤-isotype, regardless of which by tbb-2(sb26), which results in microtubules less sensitive to MEI-1/MEI-2 activity (data not shown). In addition, of the two, suffices for development.
tba-2(sb51) homozygotes are sterile due to insufficient germline mitotic proliferation (data not shown), a pro-DISCUSSION cess also independent of MEI-1 and MEI-2. The enhancement of embryonic lethality between tba-2(sb51) and mei-1 C. elegans female meiosis and the subsequent first mitosis require very distinctive types of spindle organizapathway mutants likely reflects synergism between mutations that independently weaken the mitotic spindle. tion despite the fact that both occur in a common cytoplasm within a short period of time (Albertson 1984;  tba-2(sb51) also enhances a mei-2 hypomorphic mutation that limits the normal meiotic microtubule-severing ac- Kemphues et al. 1986 ). Therefore, the microtubule cytoskeleton must be precisely regulated during these divitivity of MEI-1/MEI-2. In this background, microtubules would be expected to be more stable due to decreased sions. While the MEI-1/MEI-2 katanin microtubule-severing activity is essential for meiotic spindle organization, microtubule severing, indicating that the mei-2/tba-2 (sb51) genetic interaction likely reflects synergism beits ectopic presence in subsequent mitotic divisions results in displacement of the mitotic spindle and shorter tween spindles that are defective in different ways. The simplest explanation of the tba-2(sb51) dominant astral microtubules (Clark-Maguire and Mains 1994a; Srayko et al. 2000) . Factors like MEI-1 and MEI-2 must phenotype is that it acts as a neomorphic poison that inhibits microtubule assembly and/or function. Since adjust spindle microtubule dynamics or function to achieve different morphological and functional requireRNAi (Table 2 ) (Wright and Hunter 2003; Phillips et al. 2004 ) and intragenic lf revertants (Table 2) demonments in meiosis and mitosis. Microtubule-stabilizing factors, such as ZYG-9, also play a role in the formation strate that tba-2 is nonessential (due to redundancy with tba-1), sb51 likely acts by inhibiting both tba-1 and tba-2 of both spindles, and ZYG-9 activity seems to be counterbalanced by mei-1 and mei-2 in meiosis (Matthews et function. tba-2(sb51) might form heterodimers with the ␤-tubulin isotypes that cannot either assemble or result al. 1998; Bellanger and Gonczy 2003; Srayko et al. 2003) .
in unstable microtubules. Consistent with the neomor-phic poisonous effect of tba-2(sb51), tba-2(RNAi) rescued of tubulins generally show low sequence conservation and are the most obvious distinguishing features among sb51 dominant lethality while tba-1(RNAi) enhanced it. The sb51 lesion Ser168Tyr is located at the edge of the isotypes (although this is not true for tba-1 and tba-2; Figure 2 ). This region was previously shown to be re-T5 loop that makes contact with the ribose of GTP (Lö we et al. 2001) . Therefore, TBA-2(sb51) likely has quired for in vitro katanin severing (McNally and Vale 1993) . Here we show that the sb25 and sb27 mutations an altered conformation in the GTP-bound form, which may dominantly disrupt microtubule dynamics when of tba-2 similarly result in partial resistance to MEI-1/ MEI-2 function, again without affecting MEI-1/MEI-2 incorporated into tubulin heterodimers or microtubules.
Most of the poisonous effect of tba-2(sb51) was suplocalization to microtubules (Figure 3 ). Unlike tbb-2(sb26), their lesions are well outside the carboxyl terminus, pressed by the intragenic revertant sb51 sb116. sb51 sb116 has a second-site Glu22Lys mutation in TBA-2 ( Figure  implicating other regions of the protein for MEI-1/ MEI-2 interactions. Interestingly, similar to the amino 2), a region suggested to affect interaction with the phosphates of the ␣-tubulin bound nonexchangeable acid substitution in TBB-2(sb26), both sb25 and sb27 resulted in Glu-to-Lys changes (at residues 277 and 194, GTP (Nogales et al. 1998) . sb51 sb116 most likely results in a subunit that is unstable or that cannot interact with respectively; Figure 2 ), decreasing the acidity of the protein. Although the two mutations are not close to ␤-tubulin, and so it would also no longer antagonize TBA-1. A TBA-2-specific antibody would test this hypothone another in the protein sequence, they both fall into a region in the 3D structure where strong lateral esis. However, due to the extremely high amino acid sequence conservation between TBA-1 and TBA-2, which contacts between protofilaments are made (Nogales et al. 1998) . Thus, the tba-2 mutations could act by increasare 98.5% identical, raising an isotype-specific antibody to follow the fate of the mutant protein is not feasible.
ing the general stability of the microtubules rather than by altering specific interactions with MEI-1/MEI-2. Howsb51 sb117 has a second-site Glu69Lys mutation that likely also affects TBA-2 interactions with phosphates of ever, this is not likely since neither tba-2(sb25) nor tba-2 (sb27) genetically interacted with zyg-9(ts) ( Table 3 ) or GTP and so may exert an effect similar, but weaker, to that seen for sb51 sb116.
zyg-9(RNAi) (data not shown), which encodes a MAP that stabilizes microtubules (Matthews et al. 1998) . In ␣-and ␤-tubulin mutations with phenotypes similar to tba-2(sb51) have also been identified in C. elegans by addition, this model might predict that microtubules containing these tba-2 mutations would be more cold other groups. These mutations are thought to exert their effects through different mechanisms. TBB-2(or362) stable (Hannak et al. 2002) . However, the cold stability of microtubules in early tba-2(sb27); tbb-2(sb26) embryos is a Gly-to-Glu mutation at position 141 within one of the GTP-binding domains, and the mutant protein is was not altered (Figure 4 ), suggesting that these mutations specifically affect the interactions between katanin expressed at a very low level. However, this conditionally semidominant mutation, like tba-2(sb51)/ϩ, poisons and microtubules. Furthermore, tba-2(sb27); tbb-2(sb26) embryos displayed defects only in meiosis where MEI-1/ spindle microtubules and causes strong spindle defects . TBB-2(qt1) has a Glu-to-Lys change MEI-2 activity is normally present (Figures 5 and 6 ). Therefore, these genetic studies strongly suggest that at position 198 and appears to increase microtubule stability when incorporated (Wright and Hunter the three tubulin mutations, sb25, sb26, and sb27, specifically disrupt katanin-microtubule interactions re-2003). TBB-2(t1623) has a Val-to-Met change at position 313 (Wright and Hunter 2003) and has decreased quired for severing rather than general microtubule stability, hence rendering microtubules less sensitive to TBB-2 levels that are still sufficient for incorporation into the spindle. The ␣-tubulin mutant TBA-1(or346) katanin activity. Microtubules containing any one of the tubulin mutahas a Ser-to-Phe change at position 379 ) and behaves as a conditionally semidominant tions are not completely resistance to MEI-1/MEI-2 activity since none of the mutants alone showed defects poison mutation. Both TBB-2(t1623) and TBA-1(or346) likely affect spindle formation by disrupting microtuin meiosis, where katanin activity is essential (Mains et al. 1990a; Srayko et al. 2000) . Meiotic phenotypes were bule dynamics or its interactions with MAPs.
Mutations in tba-2 increase microtubule resistance to seen only when tba-2 and tbb-2 alleles were combined (Table 3 and Figure 5 ). The three mutations differ indi-MEI-1/MEI-2 activity: MEI-1/MEI-2 microtubule severing must require specific interactions with tubulins, vidually in the degree of their resulting resistance to MEI-1/MEI-2 activity. sb27 showed the strongest enhanceand we have identified mutant tubulins that appear to interfere with this interaction. We previously demonment of mei-2(lf), implying that it confers on microtubules the strongest resistance among the three. Howstrated that the ␤-tubulin mutation tbb-2(sb26) partially inhibited MEI-1/MEI-2 activity, likely at the level of sevever, sb27 is not the best suppressor of mei-1(ct46gf) ( Table 3) . This is likely due to the mei-1(ct46gf) mutaering since localization to microtubules was not affected. This allele is a point mutation in the carboxyl tion, which in addition to resulting in mitotic persistence of the mutant product, reduces MEI-1 activity terminus of the TBB-2 ␤-tubulin . In contrast to the rest of the protein, the carboxyl termini during meiosis to some extent (but not to lethal levels;
